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ABSTRACT 
To design high performance surface acoustic wave (SAW) filters working in the SHF 
band, it is quite beneficial to employ the ScAlN film based layered structures. 
First, the deposition of ScAlN thin films by conventional RF magnetron sputtering 
using large size Sc-Al alloy targets with large Sc content is discussed. Two 4-inch Sc–
Al alloy targets with different Sc content were prepared by the sintering method instead 
of the conventional dissolution method, and deposited film qualities and uniformity 
were evaluated. In both cases, uniform ScAlN thin films were obtained throughout the 
3-inch wafer. However, measured Sc content was significantly lower than that of the 
target. Influence of the N2 content in the sputtering gas was also investigated, and the 
result indicated that nitridation of the target surface is at least one of the major reasons 
causing the reduction of the Sc content in the deposited films. Variation of deposited 
film qualities was observed with the accumulated sputtering time. 
Then drastic enhancement of effective coupling factor Ke2 by mass loading in 
layered SAW device structures, such as the ScAlN film/Si substrate, is described. This 
phenomenon occurs when the piezoelectric layer possesses high acoustic wave 
velocities. The mass loading decreases the SAW velocity, and causes SAW energy 
confinement close to the top surface where the interdigital transducer is placed. It is 
shown that this phenomenon is obvious even when an amorphous SiO2 film is deposited 
on the top surface for temperature compensation. This Ke2 enhancement was also found 
in various combinations of electrode, piezoelectric layer and/or substrate materials. 
  
 
Existence of this phenomenon was verified experimentally using the ScAlN film/Si 
substrate structure. 
Besides, the validity of material constants reported for the use in SAW device 
simulations. Based on the full set of material constants calculated by the first principle, 
bulk acoustic wave velocities are calculated for ScxAl1-xN and compared with published 
experimental results. The effects of ScxAl1-xN film material constants with different Sc 
contents on acoustic characteristics are calculated and the influences of shear 
components on SAW characteristics are recognized. The effects of ScxAl1-xN film 
material constants with different Sc contents on acoustic characteristics are calculated. 
Series of SAW devices are fabricated on the structure with various Cu and ScAlN 
thicknesses hCu and hScAlN, respectively, and measured variations of V and Ke
2 with these 
parameters are compared with the calculation. Good agreements indicate a reliable set 
of ScxAl1-xN material constants for SAW device simulations. 
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1 Introduction  
1.1 Background 
Surface acoustic wave (SAW) usually refers to elastic waves mainly propagating on the 
solid surface. It was first predicated theoretically by Lord Rayleigh in 1885 [1.1], when 
free boundary surfaces on semi-infinite isotropic elastic bodies. Later, SAW was 
observed experimentally in earthquakes. Since then, SAWs have been extensively 
investigated. For vibrations suited in the sagittal plane, a higher order Rayleigh mode, 
named Sezawa mode, was analyzed on an isotropic plate over an isotropic half space 
[1.2], and vibrations in the horizontal direction, such as Love mode [1.3], were also 
analyzed.  
SAW devices are widely used for signal processing purpose after the invention of 
interdigital transducers (IDT) [1.4]. Amongst all, the most famous ones are SAW 
resonator filters, which are usually fabricated on piezoelectric substrates [1.5]. These 
filters can be fabricated to be very small size due to the fact that SAW velocities are 
about the 105 times slower than electromagnetic (EM) waves.  
Nowadays, due to the high benefit-to-cost ratio, SAW devices are widely used in 
modern communication systems, especially for applications in receiver front ends of 
duplexers and as receiver filters under 2 GHz. As is well known, the specifications of 
existing frequency bands, such as bandwidth and spacing, vary according region to 
region. On the other hand, low frequency and middle frequency regions (around and 
below 2 GHz) are quite crowded, and it’s believed the situation will become worse in 
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the future regarding the increasing demand in bandwidths. Thus, it is necessary to 
expand the operation frequency and improve the filter characteristics, such as insertion 
loss and bandwidth [1.6]. 
Traditional piezoelectric material (e.g., rotated y cut LiTaO3 or LiNbO3) based 
SAW devices, nearly all have employed the fundamental SAW modes, no matter 
Rayleigh mode or other (quasi) horizontally polarized modes, like surface transverse 
wave (STW) [1.7]. Thus, for a given fabrication ability, the operation frequency of those 
devices are intrinsically limited by their slow phase velocities. To expand the operation 
frequency, usually, there are three methods, where one method is fabricating finer 
electrodes, the second one is employing substrate with high acoustic velocity, and the 
third one is choosing the higher order SAW modes. As for the first method, due to the 
increased ohmic loss, fabrication of finer electrode SAW devices are not so ideal 
compared to the second and/or third schemes.   
Thus, the key points for expanding the operation frequency range lie in the proper 
choice of the piezoelectric film and/or a higher order SAW mode on layered SAW 
device structures, where the typical structure is shown in Fig. 1.1. Figure 1.1 (a) stands 
for the traditional SAW device structure, while Fig. 1.1 (b) stands for the layered SAW 
device structure [1.8]. Recently, c-axis oriented wurtzite aluminum nitride (AlN) film, 
due to the low dielectric and acoustic losses, high acoustic wave velocity, thermal 
stability, and compatibility with conventional silicon manufacture process, has become 
more and more popular in SAW devices [1.9]. In Ref. [1.10], Fujii, et al. demonstrated 
that high quality factor (Q) SAW resonators operating in the 5 GHz range can be 
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realized by using the AIN film/single crystalline diamond (SCD) substrate structure. 
However, due to relative small effective electromechanical coupling factor (Ke
2), AIN 
film/SCD substrate structure is not appropriate for wideband filter and duplexer 
applications. Thus, many researchers proposed to improve the piezoelectric property of 
AlN by doping with other materials (e.g., Ga, In, Sc, Y, Cr, Ti, Ta, etc.), according to 
the possibility of piezoelectricity enhancement indicated by the first principle 
calculation [1.11~1.14].   
 
Figure 1.1 Typical SAW device structure and relevant parameters. 
Recently, Sc doped AlN (ScAlN), especially when Sc content is about 43%, is 
paid much attention due to their anomaly strong piezoelectricity (about 5 times larger 
pure AlN) [1.15~1.16]. Refs. [1.17~1.18] showed that large SAW velocity V, large Ke
2, and 
small SAW propagation loss are simultaneously obtainable on ScAIN film/SCD 
substrate structure (V=7200m/s, Ke
2=6.1%, Qr=520) and ScAIN film/6H-SiC substrate 
structure (V=6500m/s, Ke
2=4.5%, Qr=340). These results enable the application of high 
Q and wideband SAW filters to above 2 GHz frequency bands.   
Actually, ScAlN film is not only attractive for SAW devices, but also important 
for thin film based bulk acoustic wave (BAW) devices. As is well known, BAW devices, 
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no matter film bulk acoustic wave resonator (FBAR) type, shown in Fig. 1.2 (a), or 
solidly mounted resonator (SMR) type, shown in Fig. 1.2 (b), mainly employ thickness 
extensional modes of the piezoelectric layer [1.19~1.21].  
Usually, AlN film is preferred as the piezoelectric layer due to its compatibility 
with CMOS process [1.22], low intrinsic material losses and high deposition rates. Yet 
again due to the limited Ke
2, performances for BAW devices can’t be enhanced 
drastically during the past decade. Thus, ScAlN film at first was mainly used in BAW 
devices. Ref. [1.23] showed that giant electromechanical coupling factor k33
2 and k15
2 
can reach about 15% and 10% for c-axis normal ScAlN film, respectively. Later, Ref. 
[1.24] showed Ke
2 for the fabricated ScAlN based FBAR devices are 6.89%, 9.50% and 
12.07% when Sc content is 3%, 9% and 15%, respectively. Though the unloaded Q 
(730, 690 and 410, respectively) is not so high compared with that of pure AlN (790), 
the ScAlN based FBAR devices are still of great potential. 
       
Figure 1.2 BAW device structures, (a) FBAR, (b) SMR. 
Thus, the deposition of high quality ScAlN film is the first step to develop high 
performance SAW devices. Until now, majority of ScAlN films was deposited by co-
sputtering using either two targets (Al and Sc) or a pure Al target on which multiple Sc 
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pellets are placed or inlaid [1.23]. However, on one hand, co-sputtering is not suitable for 
mass production because of difficulty in controlling film uniformity within a wafer. 
Several groups have successfully deposited ScAlN films using the conventional radio 
frequency (RF) magnetron sputtering with single ScAl alloy target [1.23, 1.25~1.27]. On the 
other hand, since reported Sc content of the targets is relatively low, the 
electromechanical coupling factor ke
2 of the deposited films was not enhanced 
dramatically [1.26]. 
Yanagitani et al. and Akiyama et al. independently reported deposition of ScAlN 
films using a three-inch alloy target with large Sc content [1.23, 1.27]. They could 
successfully deposit high quality films with large ke
2. When Sc content is large, hard 
and brittle intermetallic compounds are often produced in Sc–Al alloy, and large size 
targets were hard to realize owing to difficulty in its mechanical processing. Meanwhile, 
when deposition conditions for ScxAl1-xN films are unfavorable, phase transitions will 
show up when Sc content is more than x~0.3 [1.15~1.16, 1.28]. As a result, for deposition of 
ScAlN thin films by the conventional RF magnetron sputtering using large size Sc–Al 
alloy targets with large Sc content, optimal conditions need to be investigated. 
Besides, though with outstanding performances, SCD and/or 6H-SiC based SAW 
devices have lost the merit of high benefit-to-cost ratio, we need to consider other 
solutions, such as use of silicon. However, due to the difference in the elasticity between 
Si and SCD, much more SAW energy will penetrate into the base Si than SCD. Thus, 
consideration should be made to tackle this problem.  
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Furthermore, to design applicable SAW devices, it is necessary to employ the full 
set of material constants, but at the beginning, only Ref. [1.17] provided the full 
material constants of Sc0.4Al0.6N, which might be derived from those of AlN and 
partially adjusted based on the measurement of SAW devices. However, experimental 
results were sometimes deviated from the calculations, and this deviation was expected 
to be originated from the inaccuracy of the employed material constants for ScAlN film. 
To make theoretical predications work for device analysis, it is of vital importance to 
investigate the validity of ScAlN film material constants.  
 
 
1.2 Motivation  
To meet the more and more stringent requirements of future mobile communication 
standards, performance improvements of SAW devices are highly demanded. As for 
the design of high performance ScAlN film based SAW devices, the following topics 
should be considered carefully, such as 
1. Establishment of the deposition techniques for ScAlN thin films with large Sc 
content applicable to mass production, 
2. Determination of optimal structures for high performance SAW/BAW devices, 
and 
3. Determination of ScAlN material constants for SAW/BAW device simulation 
and design. 
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1.3 Purpose  
This thesis discusses applicability of ScAlN thin films for realization of high 
performance SAW/BAW devices. For the purpose, to fulfill the three demands 
described above, the following topics are discussed. 
1. Deposition of high quality ScAlN thin films by the large size ScAl alloy targets 
with high Sc content applicable to mass production, 
2. Determination of optimal structures for high performance SAW/BAW devices, 
and 
3. Determination of ScAlN material constants for SAW/BAW device design and 
simulation. 
 
1.4 Organization of this thesis 
Chapter 2 describes the deposition of ScAlN thin films by conventional RF magnetron 
sputtering using large size Sc–Al alloy targets with large Sc content. Two 4-inch Sc–
Al alloy targets with different Sc content were prepared by the sintering method instead 
of the conventional dissolution method, and deposited film qualities and uniformity 
were evaluated. In both cases, uniform ScAlN thin films were obtained throughout the 
3-inch wafer. However, measured Sc content was significantly lower than that of the 
target. Influence of the N2 content in the sputtering gas was also investigated, and the 
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result indicated that nitridation of the target surface is at least one of the major reasons 
causing the reduction of the Sc content in the deposited films.  
Chapter 3 describes drastic enhancement of effective coupling factor Ke2 by mass 
loading in layered SAW device structures such as the ScAlN film/Si substrate. This 
phenomenon occurs when the piezoelectric layer possesses high acoustic wave 
velocities. The mass loading decreases the SAW velocity, and causes SAW energy 
confinement close to the top surface where the interdigital transducer is placed. It is 
shown that this phenomenon is obvious even when an amorphous SiO2 film is deposited 
on the top surface for temperature compensation. This Ke2 enhancement was also found 
in various combinations of electrode, piezoelectric layer and/or substrate materials. 
Existence of this phenomenon was verified experimentally using the ScAlN film/Si 
substrate structure. 
Chapter 4 examines the validity of material constants reported for the use in SAW 
device simulations. At first, based on the full set of material constants calculated by the 
first principle, bulk acoustic wave velocities are calculated for ScxAl1-xN and compared 
with published experimental results. Then, the effects of ScxAl1-xN film material 
constants with different Sc contents on acoustic characteristics are calculated and the 
influences of shear components on SAW characteristics are recognized. The effects of 
ScxAl1-xN film material constants with different Sc contents on acoustic characteristics 
are calculated. Then series of SAW devices are fabricated on the structure with various 
Cu and ScAlN thicknesses hCu and hScAlN, respectively, and measured variations of V 
and Ke
2 with these parameters are compared with the calculation. Good agreements 
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indicate the employed ScxAl1-xN material constants for SAW device simulations are 
reliable. 
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2 Deposition of high quality ScAlN thin films by traditional 
RF sputtering process 
2.1 Introduction 
Soon after Akiyama et al. demonstrated that wurtzite ScxAl1−xN (ScAlN) exhibits 
extraordinary strong piezoelectricity [2.1~2.2], a large number of research projects were 
launched all over the world, and its properties were investigated from various aspects 
[2.1~2.31].  
Until now, majority of ScAlN films was deposited by co-sputtering using either 
two targets (Al and Sc) or a pure Al target on which multiple Sc pellets are placed or 
inlaid. However, co-sputtering is not suitable for mass production because of difficulty 
in controlling film uniformity within a wafer. Besides, since reported Sc content of the 
targets is relatively low, and the material electromechanical coupling factor k2 was not 
so enlarged dramatically. Akiyama et al. and Yanagitani et al. independently reported 
deposition of ScAlN films using a three-inch alloy target with large Sc content [2.3, 2.4, 
2.7] by the conventional RF magnetron sputtering. They could succeed in depositing 
high quality films with large k2. Furthermore, as reported by Akiyama et al., the growth 
temperature and scandium concentration has an important effect on the deposited film 
qualities [2.2]. Moreover, it is worth to note that, when the growth temperature is high, 
e.g., 580 °C, the piezoelectric response will deteriorate severely around x~0.3 to 0.4. 
This phenomenon is believed to be originated from phase instabilities [2.13]. Thus, the 
deposition conditions need to be considered more carefully. 
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This chapter describes deposition of ScAlN thin films by the conventional RF 
magnetron sputtering using large size Sc–Al alloy targets with large Sc content. Two 
4-in. Sc–Al alloy targets with different Sc content were prepared by the sintering 
method instead of the conventional dissolution method, and deposited film qualities 
and uniformity were evaluated. In both cases, uniform ScAlN thin films were obtained 
throughout the three-inch wafer. As for the significantly lower measured Sc content 
than that of the target, influence of the N2 content in the sputtering gas was also 
investigated, and the result indicated that nitridation of the target surface is at least one 
of the major reasons causing the reduction of the Sc content in the deposited films. 
Besides, variation of deposited film qualities was observed with the accumulated 
sputtering time.  
2.2 Deposition of ScAlN films and their characterization  
Two 4-in. Sc–Al alloy targets with chemical composition of Sc0.43Al0.57 and Sc0.32Al0.68 
prepared by Furuya Metal Co. Ltd. were installed in an RF magnetron sputtering system 
(Anelva SPC350-UHV), which equips an ultra-clean turbo molecular pump and a load-
lock system. The sputtering condition used for the deposition is shown in Table 2.1. 
Nominal purity of Ar and N2 gases is 99.9999% and 99.9999%, respectively. The 
deposition rate was circa 0.8 µm/h under this condition. Deposited ScAlN films were 
characterized by the X-ray fluorescence spectrometry (XFS) for chemical composition, 
the atomic force microscopy (AFM) for surface roughness, and the X-ray diffraction 
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(XRD) for crystallographic quality. In following experiments, 3-in. (100) Si wafers 
with high resistivity were used as the substrate. 
2.2.1 Deposition by Sc0.43Al0.57 target  
At first, we tested the case when employing the Sc0.43Al0.57 target. The sputtering 
condition used for the deposition is the same with that shown in Table 2.1. Under the 
same deposition condition, we characterized the deposited film from T=0 h to T=60 h 
by use of XRD, the results are shown in Fig. 2.1, where the measured XRD rocking 
curves for the deposited ScAlN films were plotted. It was shown that c-axis preferred 
orientation around 2θ=36◦ didn’t show up for deposited films except No. 4 and No. 7. 
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Figure 2.1 θ-2θ curve of deposited ScAlN film when the Sc0.43Al0.57 target was employed. 
Figure 2.2 shows a measured XRD rocking curve of the (0002) plane for a 
deposited ScAlN film when the Sc0.43Al0.57 target was employed (cumulative deposition 
time T = 16.5 h and T=42 h). The full width at half maxima (FWHM) was 4.65° and 
3.25°, respectively. This indicates that the c-axis of ScAlN grains is well aligned normal 
to the surface. This property is necessary for developing high performance acoustic 
wave devices operating in the GHz range. However, as Fig. 2.1 shows, the FWHM for 
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the other cases are not so good as expected, and this will be further exploited in the 
following part. 
 
Figure 2.2 Rocking curve of deposited ScAlN film when the Sc0.43Al0.57 target was employed, (a) 
cumulative deposition time T=16.5 h, (b) cumulative deposition time T=42 h 
Table 2.1 Deposition condition  
Background pressure (Pa) <5×10-5 
Total gas pressure (Pa) 5×10-1 
N2 flow(sccm) 12 
Ar flow(sccm) 24 
Substrate temperature (oC) 200 
Target size (in.) 4 
Target to substrate distance (mm) 50 
RF power (W) 250 
Pre-sputtering time (min) 10 
Sputtering time (min) 130 
Film thickness (m) 1.6 
   For high frequency SAW device applications, the scattering loss at the particle 
grains is a main factor that contributes to the propagation loss [2.32], thus we need to 
evaluate this surface roughness (Ra). Figure 2.3 shows the top surface of the deposited 
ScAlN thin film observed by AFM (cumulative deposition time T = 16.5 h), where the 
particle size of ScAlN film is approximately 80 nm. Besides, we employed equation 
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(2.1) to calculate the arithmetic average surface roughness, where it means the average 
value of the absolute amplitude for a given length.  
                     dxxZ
l
R
l
a  0
1
       
(2.1) 
According to equation 2.1, Ra is 1.8 nm. This is not very small, but it is possible to 
evaluate the SAW devices.  
 
 
Figure 2.3 AFM image of deposited ScAlN film when the Sc0.43Al0.57 target was employed. 
Figure 2.4 shows variation of the Sc content measured in a 3 inch wafer. Owing to 
the alloy target, variation of Sc content was very small. Nevertheless, the measured 
values of circa 32% (in the wafer center) are significantly lower than that of the target. 
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Figure 2.4 Uniformity of the Sc content in the deposited ScAlN film across a wafer when the Sc0.43Al0.57 
target was employed. 
Besides, the XRF measurement shows the Sc content for the deposited ScAlN film 
is ~45 at. % and 50 at. % at cumulative T=35 h and T=60 h, respectively. Figure 2.5 (b) 
shows the grain size on the target surface, which did not change so much compared 
with the initial state shown in Fig. 2.5(a). 
       
Figure 2.5 SEM result of the deposited ScAlN film, when (a) T=0 h, (b) T=60 h 
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As the current sputtering system is not equipped with in-situ thickness 
measurement system, the deposition rate has to be calculated in advance to guarantee a 
well-controlled thickness and good uniformity. Though in some cases, the deposition 
conditions vary over time, either on the scale of the deposition time and over months 
(mainly due to target erosion), we assume that the target status is stable during our 
experiments. Therefore, we calculate the deposition rate from measuring the film 
thickness for a given time period. We will use the optical spectral reflectance to measure 
the film thickness. Since the average measured film thickness is 1.6 m, the deposition 
rated can be determined as 17.8 nm/min. It is also worth to note that, the optical 
reflectance spectrum method, relies on the knowledge of the index of reflection, which 
is dependent on the deposited film qualities and cannot be measured in advance. Thus, 
for low quality films, due to the deviation of the refractive index from the ones used in 
the fitting procedure, the uncertainty during the measurement can reach about 10%. 
Moreover, it is also quite important to investigate on the film uniformity over the 
wafer, which is one of the key factors in deciding whether the deposition techniques 
can be applicable to mass production or not. The uniformity can be controlled by 
adjusting appropriately the spatial distribution of the plasma, which means tuning the 
deposition parameters. Figure 2.6 shows that the film thickness distribution when the 
Sc0.43Al0.57 target was used. The overall thickness distribution is acceptable and can be 
improved by introducing the substrate rotation system.  
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Figure 2.6 Deposited ScAlN film thickness distribution on a 4-in. Si (100) wafer. The thickness is 
normalized to the thickness at the center of the wafer. 
Figure 2.7 shows how the Sc content and the FWHM of the rocking curve changed 
with the cumulative deposition time T. Although the Sc content increased gradually 
with T, its total change was very small. Furthermore, the film quality became worse 
with T, and the (0002) peak was not observed quite often. Although the target surface 
was polished, the film quality could not be recovered. This deterioration might be 
attributed to inclusion of the cubic phase ScN, which was observed when the Sc content 
is large [2.13]. 
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Figure 2.7 Variation of Sc content and FWHM of the rocking curve in the deposited ScAlN film with 
the cumulative deposition time T when the Sc0.43Al0.57 target was employed. 
 
2.2.1 Deposition by Sc0.32Al0.68 target  
As shown before, to deposit c-axis oriented ScAlN films, we need to reduce the Sc 
content in the alloy target. Thus, we prepared the 32% ScAl alloy target. The deposition 
parameters were set the same as the 43% case, where the resulted sputtering rate was 
~12.6 nm/min. Meanwhile, to get the same film thickness as the 43% case, the 
deposition time was adjusted to 130 min., other parameters were kept the same.  
Figure 2.8 shows the θ-2θ curve of the deposited ScAlN films for cumulative 
deposition time from T= 0 h to T = 35.2 h. It is clearly shown that the c-axis orientation 
is better than that of the 43% case, and the FWHM is becoming stable when the 
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cumulative deposition time increases. Besides, the peak around 2θ=32o is the diffraction 
peak for AlN (100). When the deposition time increases, the c-axis orientation for 
ScAlN film showed up and the crystallography structure also improved, especially for 
Fig. 2.8 (e)-(j), which mean the quality of the deposited films improved after cumulative 
time T~10 hours. The trend for the 2θ and the FWHM of the deposited films can be 
clearly shown in Fig. 2.8 (k)-(l), where the FWHM can reduce to about 3o while keeping 
the 2θ~36o. This means preferred c-axis orientation can be achieved under these 
conditions. Furthermore, the AFM measurements for those samples are shown in Fig. 
2.9, where the grain size after cumulative time T~3.5 hours is similar to the 43% case, 
which is ~80nm. Though the average Ra is ~2.4nm, a little worse than the 43% case, it 
is acceptable for our SAW device application purpose.  
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Figure 2.8 θ-2θ curve of deposited ScAlN film when Sc0.43Al0.57 target was employed, (a)-(j) stands for 
cumulative deposition time T=0 to T=35.2h, (k) θ-2θ curve peak changing with T, (l) FWHM changing 
with T 
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Figure 2.9 AFM result of the deposited ScAlN films when Sc0.43Al0.57 target was employed, (a)-(j) stands 
for cumulative deposition time T=0 to T=35.2h 
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As is well known, the Sc concentration along with the c-axis orientation 
determines the piezoelectric coefficient. Though the deposited films are of good 
orientations, we still need to know about the Sc concentration in the deposited films. 
Thus, by using XRF, we also derived the variation of Sc content and FWHM to 
cumulative time T when Sc0.32Al0.68 target was used. Similar to the case when the 
Sc0.43Al0.57 target was employed, the Sc content of the deposited film was 
approximately 22% which was significantly lower than that of the target. On the other 
hand, the FWHM became better with an increase in T in this case. This may be due to 
reduction of outgassing during sputtering with a T increase, thanks to the equipped load 
lock system. 
 
 
Figure 2.10 Variation of Sc content and FWHM of the rocking curve in the deposited ScAlN film with 
the cumulative deposition time T when the Sc0.32Al0.68 target was employed. 
 29 
 
2.3 Design and fabrication of one-port SAW resonator  
First, SAW properties on ScAlN film/Si substrate structures were analyzed using 
software VCALL distributed by the author’s group [2.29]. The IDT was assumed to be 
placed on the top surface of the structure. Since the material constants for the Sc content 
of 22% and 32% have not been reported, we use the material constants of 43% Sc 
content that have been reported in Ref. [2.3]. Figures 2.11(a) and 2.11(b) show, 
respectively, calculated V and Ke
2 for SAWs propagating on the ScAlN film/Si substrate 
structure as a function of the ScAlN thickness hScAlN relative to the SAW wavelength λ. 
Besides, the above calculation doesn’t take the influence of the IDT into account, thus, 
we need to consider the influence of the IDTs, and the results are shown in Fig. 2.12. 
As can be seen from both Fig. 2.11 and Fig. 2.12, two propagating modes exist. 
When there’re no electrodes included, the second (Sezawa) mode exhibits relatively 
large Ke
2 (2.86%) at hScAlN/λ = 0.633, where V is also large (5,414 m/s). Astonishingly, 
when the mass loading effects of the IDTs is taken into account, the Ke
2 for the Sezawa 
mode can be improved about 3 times when hScAlN/λ = 0.15. This means that wideband 
SAW filters operating over 2 GHz are realizable using finger width about 0.675 µm. 
Since this phenomenon is quite interesting and of vital importance, we will discuss this 
issue separately in Chapter 3. 
    Next, one port SAW resonators were fabricated on the ScAlN film/Si substrate 
structure to check piezoelectricity of deposited ScAlN films. ScAlN films deposited 
using the Sc0.43Al0.57 target (T = 16.5 h) and the Sc0.32Al0.68 target (T = 15 h) were 
employed in the following experiments. Measured FWHM, Ra and grain size of the 
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former film were 3.25°, 1.8 nm, and 80 nm, respectively, while those of latter one were 
2.94°, 2.4 nm, and 80 nm, respectively. 
 
Figure 2.11 SAW propagating on the ScAlN film/Si substrate structure. (a) Phase velocity V for SAW 
as a function of the ScAlN film thickness hScAlN/λ, (b) Effective coupling factor Ke2 for SAW as a function 
of the ScAlN film thickness hScAlN/λ. 
 
 
 
(a) 
(b) 
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Figure 2.12 SAW propagating on the ScAlN film/Si substrate structure. (a) Phase velocity V for SAW 
as a function of the ScAlN film thickness hScAlN/λ, (b) Effective coupling factor Ke2 for SAW as a function 
of the ScAlN film thickness hScAlN/λ. 
 
 
 
(a) 
(b) 
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Copper of 270 nm thickness was chosen as the electrode so as to obtain relatively 
large SAW reflection coefficient. Fabricated resonators had 80 IDT fingers and 40 
reflector fingers, and the IDT periodicity and aperture were 2.7 µm and 54 µm, 
respectively. The device design is given in Table 2.2.  
 
Table 2. 2 Device design parameters  
ScAlN thickness, hScAlN  1.6 m 
Wavelength,   2.7 m 
Finger width, w  0.65 m 
Aperture, W  20 
Number of IDT finger pairs  80 
Number of reflector fingers  40 
Cu electrode thickness, hCu  270 nm 
 
Figure 2.13 shows the measured input impedance |Z| of the fabricated one-port 
SAW resonators. Estimated SAW phase velocities from the resonance frequencies were 
5,549 m/s and 5,700 m/s for the Sc0.43Al0.57 and Sc0.32Al0.68 cases, respectively. In spite 
of the difference of the Sc content, discrepancies are not obvious between the 
experimental and theoretical velocities. It is seen that with an increase of the Sc content, 
the electromechanical coupling factor Ke
2 increased while the quality factor Q 
decreased for the resonance. From the fitting, Ke
2 and Q were estimated as 2.7% and 
305 for the Sc0.43Al0.57 case while they were 1.3% and 910 for the Sc0.32Al0.68 case. 
These values are significantly lower than the theoretical one described above. This is 
due to the reduction of Sc content from 43%, where Ke
2 takes a sharp maximum [2.1~2.2]. 
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Figure 2.13 Comparison of SAW resonator impedance |Z| with on ScAlN film/Si substrate structure 
when Sc content is 43% and 32%. 
 
2.4 Influence of N2 content in sputter gas  
In the experiments described above, significant deviation was observed in the Sc 
content between the deposited films and the target. When a Sc–Al alloy film using 100% 
Ar gas was deposited, the deviation was negligible. From this result, it was expected 
that nitridation of the target surface plays an important role in this phenomenon.  
Figure 2.14 shows variation of the sputtering rate when the N2 flow rate was 
changed and the other conditions were same as those given in Table 2.1. The main valve 
conductance was adjusted manually so as to keep the total pressure unchanged. The 
Sc0.32Al0.68 target was used in this experiment. It is seen that the deposition rate 
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decreases monotonically with an increase in the flow rate. Deposited films were 
metallic when the N2 flow rate was less than 2 sccm. This result indicates that when the 
flow rate is large, the target surface is nitrided, and ScAlN clusters emanated from the 
target are deposited on a substrate. When the flow rate is small, on the other hand, ScAl 
clusters are emanated from the target and are nitrided.  
Figure 2.14 also shows variation of Sc content in the deposited film. The Sc 
content also decreases with the flow rate, and becomes almost constant when the flow 
rate is larger than 9 sccm. Strong correlation of the Sc content with the deposition rate 
indicates that nitridation of the target surface is at least one of the main reasons causing 
the reduction of the Sc content in the deposited films. 
Figure 2.15 shows variation of the FWHM of the rocking curve and the surface 
roughness with the N2 flow rate. The FWHM seems to take a minimum value at the 
flow rate of about 6 to 9 sccm. On the other hand, clear tendency was not observed for 
the surface roughness.  
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Figure 2.14 Variation of Sc content and deposition rate with N2 flow rate for Sc0.32Al0.68 target. 
 
 
Figure 2.15 Variation of FWHM and the surface roughness with the N2 flow rate for Sc0.32Al0.68 target. 
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2.5 Conclusion  
This chapter discussed deposition of ScAlN thin films by the conventional RF 
magnetron sputtering using a large size Sc–Al alloy target with high Sc content. Two 
4-in. Sc–Al alloy targets with different Sc to Al ratio were prepared, and deposited film 
qualities and uniformity were evaluated. When a target with Sc content of 43 at. % was 
used, high quality and uniform c-axis-oriented ScAlN films were obtained throughout 
the three inch wafer. However, measured Sc content was significantly lower than that 
of the target. In addition, the film quality became worse and was not stable with an 
increase in total sputtering time. On the other hand, when the Sc0.43Al0.57 target was 
employed, film quality became better and better with an increase in total sputtering time. 
One-port SAW resonators were fabricated on the ScAlN film/Si substrate structure and 
their performances were discussed. Influence of the N2 content in the sputtering gas 
was also investigated, and the result indicated that nitridation of the target surface is at 
least one of the reasons causing the reduction of the Sc content in the deposited films 
from that in the target. 
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3 Determination of optimal structures for high performance 
SAW/BAW devices  
3.1 Introduction 
As discussed in the first two chapters, the effective electromechanical coupling factor 
Ke
2 is a key parameter to determine the realizable filter bandwidth and the minimum 
insertion loss. Recently, much effort has been done on the research of scandium doped 
AlN (ScAlN) films due to the strong piezoelectricity [3.1~3.25]. But in some cases, the 
measured Ke
2s are much bigger than the calculated ones. Though it may be partially due 
to the inaccurate material constants, according to our calculation in Chapter 2, electrode 
mass loading effect is also necessary to be taken into account.  
As is well known, in many cases, Ke
2 of SAW is much lower than that of bulk 
acoustic waves (BAWs) even when the same piezoelectric material is chosen. This is 
because the SAW field distribution does not match well to the electric field generated 
by the interdigital transducer (IDT), and thus Ke
2 can be sometimes enhanced when 
heavy electrodes are used and/or the IDT is inlaid in the layered substrate. This effect 
is well known also for the BAW devices [3.26], and is widely used in practical device 
design. 
In general, mass loading by IDTs has not been taken into account for Ke
2 
estimation in SAW device structures. This is because Ke
2 does not vary so much with 
the mass loading for Rayleigh SAWs, which are intrinsically guided to the surface by 
the surface mechanical boundary conditions. On the other hand, Ke
2 is enhanced by the 
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mass loading for shear-horizontal (SH) type SAWs, because the mass loading enhances 
the SAW energy concentration near the surface [3.27]. 
This chapter describes drastic enhancement of Ke
2 by mass loading in layered 
SAW device structures such as the ScAlN film/Si substrate. This phenomenon occurs 
when the piezoelectric layer possesses relatively high acoustic wave velocities, and the 
SAW energy confinement is enhanced by the mass loading. 
At first, the ScAlN film/Si (001) substrate structure is taken as an example, and it 
is shown that Ke
2 is considerably enhanced by the mass loading of the electrodes. Then 
it is shown that such Ke
2 enhancement is quite often seen in SAW device structures 
composed of a thin piezoelectric film and a high velocity base substrate. It should be 
noted that this phenomenon is obvious even when an amorphous SiO2 film is deposited 
uniformly on the top surface for temperature compensation. 
Finally Ke
2 enhancement by mass loading was verified experimentally using the 
ScAlN film/Si substrate structure. 
3.2 Simulation  
3.2.1 Simulation setup  
Figure 3.1 shows the device model of the Cu electrode/Sc0.43Al0.57N film/Si structure 
used in the simulation. As illustrated in the figure, six configurations for counter-
electrode and IDT are employed. In configurations (a) and (b), the crossed electric field 
is dominant due to the existence of the counter-electrode when the ScAlN thickness is 
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small. On the other hand, the in-line field is dominant in configurations (c) and (d) in 
the case. Material constants for Sc0.43Al0.57N were taken from
 Ref. [3.15], while those 
of Si, Cu, Al and SiO2 were taken from Ref. [3.29]. 
 
Figure 3.1 Model structure used for simulation 
 
3.2.2 Influence of ScAlN film thickness  
At first, the SAW phase velocity V and the Ke
2 are estimated for the ScAlN/Si structure 
without taking the influence of the IDT mass loading into account. The calculation was 
performed by the software VCALL [3.27~3.28]. Figure 3.2 shows estimated V and Ke
2 as a 
function of the hScAlN/, where hScAlN is the ScAlN thickness. Multiple propagation 
modes exist, and are labeled in the order of their phase velocities.  
As can be seen from Fig. 3.2 (a), V for all the four configurations are almost the 
same, both for the Rayleigh and Sezawa modes. Differences in velocities show the 
piezoelectric stiffness effect of the electric field. Judging from the difference, it seems 
the devices are more stiffened by the crossed electric field. As for Fig. 3.2 (b), though 
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the electric field distribution in the piezoelectric film is different, type C and type D 
configurations offer larger Ke
2 for Rayleigh mode than type A and type B. This result 
implies that Ke
2 for these two modes is preliminary determined by how well the electric 
field of the SAW matches with that generated by the IDT. Namely, much energy of the 
Rayleigh mode is distributed close to the boundary between the piezoelectric film and 
the Si substrate while that of the Sezawa mode is not for all these structures.  
It is seen that, for type A and type B configurations, the second (Sezawa) mode 
exhibits relatively large Ke
2, which take the maximum value of 3.3% and 3.2% at 
hScAlN/=0.55 and hScAlN/=0.6, where V is 5,570 m/s and 5,420 m/s, respectively. On 
the other hand, in type C and D configurations, Rayleigh mode shows much larger Ke
2 
of 6.3% and 9.1%, where hScAlN/=0.6 and hScAlN/=0.5, V is 3,770 m/s and 3,810 m/s. 
For the former two cases, the maximum Ke
2 for the Sezawa mode is much smaller 
than the value of 6.1% obtainable in the ScAlN/SCD structure. This is due to difference 
in the elasticity between Si and SCD, which determines the SAW energy penetration 
into the base substrate. In contrast, Ke
2 for the Rayleigh mode is comparable with that 
in the ScAlN/SCD structure. On the other hand, for the latter two cases, the maximum 
Ke
2 for the Rayleigh mode is much larger than the former two cases. The difference 
may be explained by the difference in the electric field carried by these modes. It fits 
well with the electric field generated by the IDT for the Rayleigh mode while not for 
the Sezawa mode. 
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          (a) 
 
(b) 
Figure 3.2 SAW properties on ScAlN/Si structure when mass loading is not taken into account. (a) 
Variation of V with hScAlN/ (b) Variation of Ke2 with hScAlN/
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3.2.3 Influence of IDT mass loading  
Next, hScAlN is fixed at the value giving the maximum Ke
2 for these four structures, and 
influence of the Cu electrode thickness hCu is investigated. The simulation was 
performed by the software SYNCL [3.27~3.28], which calculates the input admittance of 
the infinitely long IDT of the device structure as a function of the driving frequency f. 
Material constants employed in the simulation are the same as before. 
The resonance and anti-resonance frequencies, fr and fa, respectively, are 
determined from the calculated input admittance for the fundamental (Rayleigh) and 
second (Sezawa) modes, and their effective SAW velocity V and Ke
2 are estimated using 
the following equations: 
           V=fr                (3.1) 
and 
           Ke
2=(frfacot(frfa).                        (3.2) 
Figure 3.3 show variation of V and Ke
2 in Cu/ScAlN/Si structure as a function of 
hCu/. It is seen that when the IDT is placed on the top surface, Ke2 for the Sezawa mode 
dramatically increases with hCu/, and takes a maximum value of 7.3% and 8.7% for 
type A and type B configurations at hCu/~0.12 and hCu/~0.15 respectively, which are 
more than two times larger than the values at hCu/~0. In contrast, Ke2 for the Rayleigh 
mode decreases with hCu/ for both cases. This confirms variation of Ke2 is due to that 
of the SAW field distribution to fit with the electric field. Owing to the mass loading, 
V is reduced, but the value is still large (4,969 m/s) at the thickness. 
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On the other hand, when the IDT is embedded, Ke
2 for the Rayleigh mode 
decreases monotonically with the increment of hCu/ as shown in Figs. 3.3 and 3.4 for 
type C to type F configurations, no matter whether the IDT is inlaid in the substrate or 
placed on the boundary. It is interesting to note that as for the Sezawa mode, Ke
2 
depends on whether the IDT is embedded or not. Namely, Ke
2 decreases gradually when 
the IDT is placed on the boundary (type C and type D in Fig. 3.3) while it increases 
when IDT is embedded (type E and type F in Fig. 3.4). 
Since the type B configuration is most desirable from a view point of device 
fabrication and offers high velocity, relatively large Ke
2 for the Sezawa mode and small 
Ke
2 for the Rayleigh mode, attention will be focused on the structure for further 
discussions.
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(a) 
 
(b) 
Figure 3.3 SAW properties on ScAlN/Si structure when mass loading is not taken into account. (a) 
Variation of V with hScAlN/ (b) Variation of Ke2 with hScAlN/ 
 51 
 
 
(a) 
 
(b) 
 
Figure 3.4 SAW properties on ScAlN/Si structure when mass loading is taken into account. (a) Variation 
of V with hScAlN/ (b) Variation of Ke2 with hScAlN/ 
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Figure 3.5 shows the displacement field distributions in four different thicknesses for 
type B configuration, namely, hCu/0.15 and 0.20. When the Ke2 is large, 
namely hCu is close to optimal, the SAW energy tends to be concentrated close to the 
surface of the piezoelectric layer. This means the field for the Sezawa mode fits well 
with the electric field under the situation. 
 
Figure 3.5 Displacement field distributions (Unit: m) on Cu/ScAlN/Si structure with 
hScAlN/when (a) hCu/ =0.01, b) hCu/ =0.10, c) hCu/ =0.15 and (d) hCu/ =0.20 
This result confirms variation of Ke
2 is due to variation of the SAW field distribution 
to fit with the electric field. Owing to the mass loading, V is reduced, but the value is 
still large (4,883 m/s) at the thickness. 
It is known that large Ke
2 is obtainable for the Rayleigh mode in the structure when 
the IDT is placed at the boundary between the piezoelectric layer and the substrate 
     
 (a)                                  (b) 
     
                  (c)                                   (d)   
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instead of the top surface [3.31]. This means that for obtaining large Ke
2 for the Rayleigh 
mode, the field should be concentrated close to the boundary instead of the top surface. 
Thus the mass loading offers negative impact to the Ke
2.  
Figure 3.6 shows change of Ke
2 with hScAlN and hCu. The maximum Ke
2 of 9.5% is 
achievable when hCu/~0.15 and hScAlN/~0.55, where V is 5,080 m/s. It is seen that 
hScAlN/ giving large Ke2 is less sensitive to hCu/. This implies that the optimal structure 
can be determined through the following procedures: (1) find the optimal piezoelectric 
layer thickness with ignoring the IDT thickness, and (2) fix the piezoelectric layer 
thickness to this optimal value, and find the optimal electrode thickness. 
 
 
Figure 3.6 Variation of Ke2 with hScAlN/ and hCu/ on Cu/ScAlN/Si structure. 
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This Ke
2 enhancement is also found when other electrode, piezoelectric and/or 
substrate materials are employed. Table 3.1 shows the maximum Ke
2 for some 
representative structures. The Cu/ScAlN/SCD structure also offers the Ke
2 
enhancement (from 5.5% to 9.8%). This enhancement is smaller than that of the 
Cu/ScAlN/Si structure (from 2.9% to 9.5%). This is because fast acoustic wave 
velocities in the SCD offer SAW energy confinement in the piezoelectric layer even 
when the mass loading is not given. It is interesting to note that choice of sapphire as 
the base substrate exhibits smaller Ke
2 enhancement than the other choices. It is seen 
that Cu offers larger Ke
2 enhancement than Al due to difference in the mass density. 
 
Table 3.1.  Maximum Ke
2
 of mode achieved on different structures. 
Structure Ke
2[%] V[m/s] hIDT/ h(Sc)AlN/ 
Ke
2 w/o 
IDT[%] 
Cu/ScAlN/SCD 9.8 5,782 0.11 
0.71 5.5 
Al/ScAlN/SCD 9.0 5,869 0.19 
Cu/ScAlN/ Sapphire 7.1 5,331 0.16 
0.57 2.8 
Al/ScAlN/ Sapphire 6.5 5,382 0.23 
Cu/ScAlN/Si 9.1 4,883 0.15 
0.62 2.9 
Al/ScAlN/Si 7.7 4,876 0.24 
Cu/AlN/SCD 1.98 8,478 0.074 0.6 1.25 
Cu/AlN/Si 0.8 5,897 0.28 0.5 0.45 
SCD: (001)<100>, Si: (001)<100>, Sapphire: (0001) <1000> 
 
When pure AlN is used, the Ke
2 enhancement also exists. But for the AlN/Si 
substrate case, much larger mass loading is necessary than the ScAlN/Si case. This is 
because acoustic wave velocities in AlN are much larger than those in ScAlN. 
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3.2.4 Influence of SiO2 mass loading  
Because the Ke
2 enhancement described in this chapter is owed to the mass loading, 
addition of a uniform layer on the IDT is another choice. Here this dissertation 
investigates use of SiO2 uniform layer to the Ke
2 enhancement. The SiO2 and electrode 
thicknesses can be adjusted to achieve large Ke
2 and temperature compensation 
simultaneously.  
First, hScAlN is fixed at the value giving the maximum Ke
2 for the four structures, 
and hCu is fixed at zero, the configurations from type A to type D are shown in Fig. 3.7. 
Figure. 3.8 show variation of V and Ke
2 in SiO2/Cu/ScAlN/Si structure as a function of 
the SiO2 thickness hSiO2/. It is seen that Ke2 for the Sezawa mode for type A and type 
B increases with hSiO2/, and takes maximum values of 6.2% and 7.4%, respectively at 
hSiO2/~0.25. 
 
Figure 3.7 Four configurations for counter-electrode and IDT on ScAlN film/Si substrate structure.  
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On the other hand, Ke
2 for the Sezawa mode decreases with hSiO2/, for type C and 
type D configurations, and goes to about zero at hSiO2/~0.25. In contrast, Ke2 for the 
Rayleigh mode decreases with hSiO2/ for all cases. This confirms variation of Ke2 is 
caused by the mass loading, which changes the SAW field distribution. Owing to the 
mass loading, V is reduced, but the value is still large (about 5,000 m/s) at hSiO2/~0.25. 
Then, the influence of finite electrode thickness when the SiO2 overlay is given 
will be discussed. Here, the SiO2 film is assumed to cover not only the electrodes but 
also the gap between electrodes uniformly (see the inset in Fig. 3.9).  
Figure 3.9 shows variation of V and Ke
2 for the Sezawa mode with hSiO2 on 
SiO2/Cu/ScAlN/Si structure at three different electrode thicknesses while hScAlN is fixed 
at 0.55. It is seen that when hCu is small, Ke2 increases with hSiO2, and the maximum 
Ke
2 of 8.1% is achievable when both hSiO2 and hCu are set properly. The maximum Ke
2 
is scarcely dependent on hCu, and hSiO2 giving the maximum value becomes small with 
an increase in hCu. 
The uniform SiO2 deposition results in small reduction in the maximum Ke
2 
because SiO2 in the gap region increases the static capacitance of the IDT. 
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(a) 
 
 
(b) 
Figure 3.8 Theoretical SAW properties on SiO2/Cu/ScAlN/Si structure when hScAlN/ =0.55. (a) 
Variation of V with hSiO2/b) Variation of Ke2 with hSiO2/
  
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(a) 
  
(b) 
Figure 3.9 Theoretical SAW properties for Sezawa mode on Type B structure when hScAlN/ =0.55. (a) 
Variation of V with hSiO2/b) Variation of Ke2 with hSiO2/.  
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3.3 Experiments  
For experimental verification of this phenomenon, a series of one port SAW devices 
were fabricated on the ScAlN film/Si (100) substrate structure, where ScAlN thin films 
are deposited by conventional RF magnetron sputtering techniques, by use of 4-inch 
Sc-Al alloy targets described in Chapter 2. The device design parameters are given in 
Table 3.2. The Sc content r estimated by the X-ray fluorescence spectrometry was circa 
30%. 
 
Table 3. 2 Device design parameters  
ScAlN thickness, hScAlN  1.6 m 
Wavelength,   2.0, 2.2, 2.4 m 
Finger width, w  0.5 m 
Aperture, W  20 
Number of IDT finger pairs  80 
Number of reflector fingers  40 
Cu electrode thickness, hCu  20, 100, 200 nm 
  
Figure 3. 10 shows measured Ke2 of the Sezawa mode as a function of hCu. It is 
seen that Ke2 increases monotonically with hCu, and Ke2 of about 2% is obtained when 
hCu/~0.1. The value is about three times larger than that when hCu/~0.01. Achieved 
Ke2 is much smaller than that shown in Fig. 3.3(b), and although Fig. 3.3(b) also 
indicated that Ke2 mostly saturates at hCu/~0.01, the experimental curve does not show 
such tendency. These discrepancies may be caused by inaccurate material constants of 
ScAlN, or difference in Sc content r, i.e., smaller Sc content r gives larger V and smaller 
Ke2. Larger V tends to increase the Cu thickness giving maximum Ke2 as indicated in 
Section 3.2.3. 
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Figure 3.10 Ke2 on ScAlN/Si structure changing with hCu/. 
 
3.4 Conclusion  
This chapter described drastic enhancement of Ke
2 by mass loading in layered SAW 
device structures such as the ScAlN film/Si substrate. This phenomenon occurs when 
the piezoelectric layer possesses high acoustic wave velocities, and the SAW energy 
confinement is enhanced by the mass loading. 
At first, the ScAlN/Si structure was chosen, and it was shown that Ke
2 is 
considerably enhanced by the mass loading of the IDTs. It was also shown that such 
Ke
2 enhancement also occurs in various layered SAW device structures. 
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Furthermore, it was shown that this phenomenon is obvious even when an 
amorphous SiO2 film is deposited on the top surface for temperature compensation 
although the SiO2 film is non-piezoelectric. 
Finally Ke
2 enhancement by mass loading was verified experimentally using the 
ScAlN film/Si substrate structure. 
It was thought that a high velocity material such as SCD and SiC had to be used 
as the base substrate for realizing high performance SAW devices using the ScAlN 
layer [3.14~3.15]. However, the present results indicate that comparable performances can 
be achievable even when inexpensive Si is used for the purpose. This fact is very 
feasible for commercialization of ScAlN-based SAW devices because SCD and SiC are 
expensive and their availability is limited. 
Besides, the disagreement between the experimental and calculated values may be 
caused by the inaccurate material constants of ScAlN, i.e., smaller Sc concentration r 
gives larger V and smaller Ke
2, different SAW characteristics will be achieved when 
different set of material constants are employed, thus it’s of vital importance to verify 
the material constants employed for device simulations. This issue will be discussed in 
the following chapter. 
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4 Determination of ScAlN material constants for SAW/BAW 
device design and simulation 
4.1 Introduction 
Chapter 3 mentioned experimental results are sometimes deviated from the calculations, 
which are believed to be originated from the inaccuracy of the employed material 
constants for ScAlN film. Thus, it is of vital importance to investigate the validity of 
ScAlN film material constants employed for simulations.  
As is well known, experimental data are not necessary as an initial guess in the 
first principle calculation. In fact, possibility of Sc-doped AlN in wurtzite phase was 
predicted by the calculation [4.1]. Such facts proved the feasibility of the first principle 
calculation, and it became a popular research topic in recent years [4.1~4.4].  
Since the successful deposition of ScAlN film, the material constants have been 
highly demanded [4.5~4.35]. At first, elastic constants of ScAlN films have been calculated 
by Tasnádi [4.9] and Zhang [4.23]. Though this may be enough for X-ray diffraction (XRD) 
analysis of material lattice characteristics [4.7], the piezoelectric response of ScAlN films 
were not given.  
There are 3 available sets of material constants for SAW/BAW device simulations. 
The first set for ScAlN is distributed by Teshigahara, et al. from Denso corp., where 
the Sc concentration is 40%, and the data may be derived based on that of pure AlN 
and adjusted according to experimental devices [4.19]. The second set is derived from 
measuring the characteristics of bulk and leaky lamb waves in MEMS devices by 
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Konno, where the Sc concentration is also 40% [4.26]. The third one is published by Caro 
et al., where the full set of ScxAl1-xN material constants calculated by first principle 
calculation [4.30].  
Based on the 3 sets of material constants, the admittances for SAW devices of Cu 
IDT/ScAlN film/Si (001) substrate structure were calculated, where hScAlN/λ = 0.633, 
hCu/λ=0.15, and Sc concentration is 40%. Besides, the normalization factor for 
frequency is Vnorm/p, where Vnorm = 5840m/s and p = 1m. The comparison is shown in 
Fig. 4.1 
 
Figure 4.1 Comparison of calculated SAW admittances with 3 different sets of material constants. 
Table 4.1 shows the comparison of values for V, Ke
2 of different modes when 
employing different material constants. It can be seen quite clearly that, the differences 
in V and Ke
2 are quite big, both for the Rayleigh mode and the Sezawa mode. Though 
it seems, V of the Sezawa mode is quite similar for Konno’s and Teshigahara’s 
constants, the Ke
2 is quite different. 
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Table 4.1 Comparison of V and Ke
2
 using different material constants 
 Konno Teshigahara Caro 
Mode Rayleigh Sezawa Rayleigh Sezawa Rayleigh Sezawa 
V [m/s] 2630 4781 2802 4826 3073 5313 
Ke2 [%] 2.78 1.19 0.31 8.81 4.86 4.95 
 
It seems the difference of device characteristics introduced by material constants 
is quite big, thus the validity of the material constants need to be evaluated. The validity 
of the above mentioned material constants had already been partially verified by BAW 
devices [4.30]. However, validity of the material constants for shear vibration which is 
dominant in SAWs has not been reported yet. This chapter describes verification of the 
material constants using SAW devices.  
At first, based on the full set of material constants reported by Caro, et al. [4.30], 
BAW velocities for ScAlN are calculated and compared with the published 
experimental data measured on some BAW devices.  
Then, influence of the Sc content on acoustic wave characteristics are numerically 
analyzed. It was shown that the accuracy of the shear components give significant 
impact to the properties of SAW modes. 
Finally, a series of SAW resonators are fabricated on the Sc0.4Al0.6N film/Si 
substrate structures. It is seen that the agreement between the calculation and 
experimental results is well not only for the hCu dependence but also for the hScAlN 
dependence. The same comparison was also carried out for the cases with x=22% and 
x=32%, and good coincidence of the same level was obtained. 
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4.2 Simulation  
4.2.1 Simulation procedure  
The simulation was performed by the software SYNC2L, which calculates the input 
admittance of the infinitely long IDT of the device structure as a function of the driving 
frequency f [4.35~4.36]. Material constants for ScAlN were taken from Ref. [4.30], while 
those of Si, and Cu were taken from Ref. [4.37]. The reasons for selecting Cu as 
electrodes are as followed. To enhance the effective electromechanical coupling factor 
Ke
2, the electrodes need to achieve certain thickness, which usually means relative thick 
electrodes, such as Al. However, theoretical analysis suggests that Cu electrodes can 
serve the same purpose to enhance the Ke
2, while keeping the electrodes not so thick as 
Al. Besides, since the electrical conductivity for Cu is relatively large, the use of Cu 
electrodes will be helpful to keep the production yield ability without badly increasing 
ohmic loss. 
 
4.2.2 Influence of Sc content on acoustic wave characteristics  
Figure 4.2 shows the comparisons of calculated BAW velocities in ScxAl1-xN film with 
published data from Refs. [4.27~4.29], where the film thickness is fixed at hScAlN/=1. 
The calculation fits quite well with the experiments for the range from x=0 to x~0.3, 
where x stands for the Sc content in the film. Though there seems to be a growing 
discrepancy between the calculation and experimental results when Sc content is larger 
than x~0.3, this can be interpreted as unfavorable deposition conditions for ScxAl1-xN 
films [4.5, 4.16].  
 71 
 
Figure 4.3 shows the BAW velocities in ScxAl1-xN film, where x ranges from 0 to 
0.5. It is seen that longitudinal and shear horizontal (SH) BAW velocities decrease 
monotonically with an increase in x. On the other hand, the shear vertical (SV) BAW 
velocity decreases very slowly, and takes a minimum at x~0.4. Thus, it is quite 
interesting to note that when x is lower than ~0.12, the SH branch will be the fast shear 
BAW and SV branch will be the slow shear BAW. On the other hand, when x is larger 
than ~0.12, the SH branch will be the slow shear BAW and SV branch will be the fast 
shear BAW. Besides, in the figure, the velocity of SV-type surface skimming bulk wave 
(SSBW) for the Si (001) substrate is also given. It can be used to identify whether the 
Sezawa mode is leaky or non-leaky. Namely, when the SAW velocity is larger than the 
SSBW velocity, SV BAW in the Si substrate will couple with the SAW, and part of the 
SAW energy will be leaked into the substrate. 
In the ScAlN/Si structure, the Sezawa mode can possess larger V and larger Ke
2 
than the Rayleigh mode. As will be shown later, the velocity of the Sezawa mode is 
mostly determined by that of the SV BAW in the ScAlN layer. Since the accuracy of 
the shear components give significant impact to the properties of SAW modes, thus 
estimation of the shear components is of vital importance. 
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Figure 4.2 Comparison of calculated BAW velocities with experimental ones as a function of Sc content 
x, (a) Longitudinal BAW velocity (vl = (c11/)1/2), b) Shear horizontal BAW velocity (vs=(c66/)1/2). 
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Figure 4.3 Change of slow shear BAW velocity, fast shear BAW velocity and longitudinal BAW velocity 
in ScAlN film as a function of Sc content. The black solid line stands for velocity of SV-type surface 
skimming bulk wave (SSBW) in Si (001) substrate. 
 
4.2.3 SAW dispersion characteristic  
Though the influences of different material constants have already been recognized in 
the beginning of this chapter, detailed calculations of V and Ke
2 are still not given. Thus, 
based on the design principles established in Chapter 3, a full description of the 
calculation process will be given here.  
By use of the constants and VCALL, V and Ke
2 for ScxAl1-xN film/Si (001) 
substrate structure were calculated as a function of hScAlN/, where Sc content x was 
fixed at 0, 0.2 and 0.4. The calculation was performed without the influence of the IDT 
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mass loading effects. Figure 4.4 shows the existence of two modes, which are labeled 
in the order of their phase velocities. 
It is seen that the second (Sezawa) mode exhibits relatively large V and Ke
2. As 
predicated before, for a given ScxAl1-xN film thickness hScAlN/, the SAW phase 
velocity V for both of the modes will decrease with the increment of the Sc content, the 
necessary minimum thickness where the Sezawa mode shows up is decreasing. 
Meanwhile, it is crystal clear that the velocity for the Rayleigh mode is more sensitive 
to the Sc content, while that for the Sezawa mode doesn’t change so much. Besides, as 
for the Ke
2, the two modes are changing differently, where the Ke
2 for Rayleigh mode 
doesn’t change so much with x, while that for the Sezawa mode is enhanced greatly, 
which means the Ke
2 for Sezawa mode is more sensitive to the Sc content.  
Next, hScAlN is fixed at 0.6, and influence of the Cu electrode thickness hCu is 
investigated. Figure 4.5 shows variation of V and Ke
2 in the Cu/ScxAl1-xN/Si structure 
as a function of hCu/, where Sc content x is fixed at 0, 0.2 and 0.4. It is seen that Ke2 
for the Sezawa mode increases with hCu/, and takes a maximum value of 1.6% and 
5.2% at hCu/~0.12 for x is 0.2 and 0.4, which is greatly enhanced compared those when 
hCu/~0. Meanwhile, Ke2 for the Rayleigh mode changes similarly, which takes a 
maximum value above 1.2% and 5.3% at a thickness bigger than hCu/~0.2. Both Ke2 
enhancements can be explained by the mass loading effect in Chapter 3 [4.33~4.34]. 
Meanwhile, V for the Sezawa mode is still above 5,000 m/s, it’s quite favorable for 
practical use along with the enhanced Ke
2
. However, as for the Rayleigh mode, though 
the Ke
2 is increased rapidly, the too-slow velocity may limit its applications. 
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This Ke
2 enhancement are also found when other ScxAl1-xN films of different Sc 
contents are employed. Figure 4.6 shows the change of Ke
2 with Sc content x and Cu 
IDT thickness hCu when ScxAl1-xN film thickness is fixed at hScAlN ~ 0.6. It is seen that 
hScAlN/ giving large Ke2 is less sensitive to hCu/. 
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Figure 4.4 Theoretical SAW characteristics changing with hScAlN/on Cu/ScAlN/Si structure (a) Phase 
velocity changing with hScAlN/, b) Effective coupling factor Ke2 changing with hScAlN/
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
Figure 4.5 Theoretical SAW characteristics changing with hCu/ on Cu/ScAlN/Si structure. (a) Phase 
velocity changing with hCu/, b) Effective coupling factor Ke2 changing with hCu/
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
Figure 4.6 Theoretical SAW properties on Cu/ScAlN/Si structure when hScAlN/ =0.55. (a) Rayleigh 
mode V changing with Sc content x and hCu/,b) Rayleigh mode Ke2 changing with Sc content x and 
hCu/,(c) Sezawa mode V changing with Sc content x and hCu/,d) Sezawa mode Ke2 changing with Sc 
content x and hCu/
 
4.3 Experiments  
High quality ScAlN films were deposited by the conventional RF magnetron sputtering. 
Sc0.43Al0.57 and Sc0.32Al0.68 alloy targets were used 
[4.32], and a 3-in FZ Si (100) wafer 
was used as substrate. On the other hand, the Sc0.40Al0.60 film was deposited by the dual 
target sputtering described in Ref. [4.17]. 
SAW properties were measured using a series of one port SAW resonators 
fabricated on the structure, and their phase velocity V and effective coupling factor Ke
2 
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were evaluated using Eqs. (3.1)-(3.2). The design parameters are given in Table 4.2 and 
the design configuration is shown in Fig. 4.7.  
 
Table 4.2 Resonator design parameters  
Sc content 22% 32% 40% 
ScAlN thickness, hScAlN (m) 1.52 1.73 1.60  
Wavelength, (m) 2, 2.2, 2.4  
Metallization ratio 0.5  
Aperture, W 20 
Gap 0.25 
Distance 0.25 
Numb. of IDT finger pairs 80 
Numb. of Reflector fingers 40 
Cu electrode thickness, hCu (nm) 20, 70, 150, 300  20, 200, 300 100, 200, 300 
 
Figure 4.8 shows typical admittance characteristics of SAW resonators on the Cu 
IDT/Sc0.4Al0.6N film/Si substrate structure at different Cu electrode thicknesses when 
hScAlN/and m. The Sezawa mode SAW phase velocities estimated from the 
resonance frequencies were 5,460 m/s, 5,360 m/s and 5,300 m/s for the 
hCu/5hCu/ and hCu/, respectively. Comparing the three admittance 
curves indicates that V of the Rayleigh mode decreases faster with hCu/, while that of 
the Sezawa mode does not change so much. This can be explained by the fact that the 
Sezawa mode is mainly determined by the SV type BAW velocity, which decreases 
gradually with the Sc content. By use of the equivalent circuit model [4.38], extracted Q 
for the Sezawa mode is ~200 when hCu/5, and it will become worsened when the 
electrodes become thicker, which can be attributed to the increased BAW scattering 
from mass loading effects. However, this deterioration phenomenon does not happen 
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for the Rayleigh mode, where the Q for the mode will increase with the mass loading 
effects. The difference in Q can be explained by the varied energy distribution in the 
ScAlN film, where Rayleigh mode energy is almost confined to the surface, while the 
Sezawa mode energy is located at a certain depth. Besides, when hCu/=0.10, there is a 
satellite resonance close to the main one. Its origin is unclear at this moment. 
Figures 4.9-4.11 show how measured V and Ke
2 of the Rayleigh and Sezawa modes 
change with hCu/when hScAlN/ is fixed at several thicknesses. It is seen that 
experimental V and Ke
2 agree quite well with the theoretical ones, especially for Figs. 
4.5 and 4.6, where the Sc content is relatively large, namely, 40% and 32%, respectively. 
The un-even distribution of the deposited ScAlN film thickness along with the on-top 
electrode thickness might contribute to variation of the experimental results. 
When the Sc content is relatively low (~22%) shown in Fig. 4. 7, the agreement is 
a little poor for Ke
2. This may be due to the fact that the Sezawa mode is leaky when 
hCu/is small, e. g., when hCu/for hScAlN/ and hCu/for 
hScAlN/Besides, it is well known that the non-piezoelectric cubic phase often 
coexists with the piezoelectric wurtzite one. Since the calculation in Ref. [4.29] was 
applied to pure wurtzite phase, inclusion of the cubic phase may cause the deviations 
of velocity and Ke
2 from real values. 
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Figure 4.7 Configuration of Cu IDT/ScxAl1-xN film/Si substrate structure based one-port synchronous 
SAW resonators with short-circuited design. 
 
Figure 4.8 Typical admittance characteristics of fabricated SAW resonators when Sc content is 40%, 
ScAlN film thickness hScAlN =0.8, and hCu=0.075, 0.1, 0.15. 
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Figure 4.9 Comparison between theoretical (lines) and experimental (symbols) results when Sc content 
is 40%, ScAlN film thickness hScAlN =0.67, hScAlN =0.73 and hScAlN =0.8. The calculations are done by 
use of SYNC2L for hCu=0 through 0.25where the ScAlN film thickness. 
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Figure 4.10 Comparison between theoretical (lines) and experimental (symbols) results when Sc content 
is 32%, ScAlN film thickness hScAlN =0.71, hScAlN =0.77 and hScAlN =0.85. The calculations are done 
by use of SYNC2L for hCu=0 through 0.25where the ScAlN film thickness. 
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Figure 4.11 Comparison between theoretical (lines) and experimental (symbols) results when Sc content 
is 22%, ScAlN film thickness hScAlN =0.63, hScAlN =0.68 and hScAlN =0.75. The calculations are done 
by use of SYNC2L for hCu=0 through 0.25where the ScAlN film thickness. 
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By the way, as shown in Ref. [4.5], the rapid velocity decrease at Sc concentration 
30%~40% was observed experimentally by several authors. However, it did not appear 
in our experiment, and thus the result agreed well with the calculation based on the 
material constants reported in Ref. [4.30]. The difference may be due to the instability 
of ScAlN phase, and dependent on deposition conditions, such as substrate temperature 
and Sc concentration. 
 
4.4 Conclusion  
This chapter described the validity evaluation of ScxAl1-xN film material constants 
based on SAW characteristics. At first, the full set of material constants reported by 
Caro’s group was employed, and the acoustic wave velocities on ScAlN film/Si 
substrate structures were calculated. The calculation results were compared with the 
published experimental data and good agreements were achieved. Then, BAW 
velocities in ScxAl1-xN film were calculated as a function of the Sc content, where the 
fast shear BAW will change differently with slow shear BAW and longitudinal BAW 
due to the anisotropic softening effects caused by dopant. Besides, the necessity to 
evaluate the effectivity of the material constants was shown since the shear velocities 
are so close to the SSBW velocity of the Si substrate. Series of SAW devices with 
various Cu and ScAlN film thicknesses were fabricated. The experimental results 
agreed quite well with the calculation, the agreement indicates the reliability of the 
employed ScAlN material constants.  
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5 Conclusions and outlooks 
5.1 Conclusions 
To improve the performance of SAW devices, the following topics, such as deposition 
conditions for ScAlN films, considerations for high performance layered SAW devices 
were investigated. The results can be concluded as the following, 
(1) Chapter 2 discussed deposition of ScAlN thin films by the conventional RF 
magnetron sputtering using a large size Sc-Al alloy target with high Sc content. Two 4-
in. Sc–Al alloy targets with different Sc to Al ratio were prepared, and deposited film 
qualities and uniformity were evaluated. When a target with Sc content of 43 at. % was 
used, high quality and uniform c-axis-oriented ScAlN films were obtained throughout 
the three inch wafer. However, measured Sc content was significantly lower than that 
of the target. In addition, the film quality became worse and was not stable with an 
increase in total sputtering time. On the other hand, when the Sc0.43Al0.57 target was 
employed, film quality became better and better with an increase in total sputtering time. 
One-port SAW resonators were fabricated on the ScAlN film/Si substrate structure and 
their performances were discussed. Influence of the N2 content in the sputtering gas 
was also investigated, and the result indicated that nitridation of the target surface is at 
least one of the reasons causing the reduction of the Sc content in the deposited films 
from that in the target.  
(2) Chapter 3 described the mass loading effect on enhancement of Ke
2 in layered SAW 
device structures such as the ScAlN film/Si substrate. This phenomenon occurs when 
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the piezoelectric layer possesses high acoustic wave velocities, and the SAW energy 
confinement is enhanced by the mass loading. At first, the ScAlN/Si structure was 
chosen, and it was shown that Ke
2 is considerably enhanced by the mass loading of the 
IDTs. It was also shown that such Ke
2 enhancement also occurs in various layered SAW 
device structures. This phenomenon was obvious even when an amorphous SiO2 film 
is deposited on the top surface for temperature compensation. Finally, Ke
2 enhancement 
by mass loading was verified experimentally using the ScAlN film/Si substrate 
structure.  
It was thought that a high velocity material such as SCD and SiC had to be used as the 
base substrate for realizing high performance SAW devices using the ScAlN layer. The 
results indicate that comparable performances can be achievable even when 
inexpensive Si is used for the purpose. This fact is very feasible for commercialization 
of ScAlN-based SAW devices because SCD and SiC are expensive and their 
availability is limited.  
(3) Chapter 4 described the validity evaluation of ScxAl1-xN film material constants 
based on SAW characteristics. At first, the full set of material constants reported by 
Caro’s group was employed, and the BAW velocities on ScAlN film/Si substrate 
structures were calculated. Comparing with the published experimental data, good 
agreements were achieved. Then, BAW velocities in ScxAl1-xN film were calculated as 
a function of Sc content, and it was found that the fast shear BAW velocity changes 
differently with slow shear BAW velocity and longitudinal BAW velocity due to the 
anisotropic softening effects caused by dopant. Besides, the necessity to evaluate the 
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effectivity of the material constants was shown since the shear velocities were so close 
to the SSBW velocity of the Si substrate. Furthermore, series of SAW devices with 
various Cu IDT and ScAlN film thicknesses were fabricated. The experimental results 
agreed quite well with the calculation, the agreement indicates the reliability of the 
employed ScAlN material constants. 
5.2 Outlooks 
It was demonstrated that relative good uniformity, c-axis orientation can be achieved 
by the current RF sputtering deposition. Although problems exist, such as the low Sc 
content in the deposited film, and the not so good surface roughness, the RF sputtering 
shows great potential for mass production of ScAlN films.  
For next step, a systematic research on the optimal deposition conditions, such as the 
sputtering power, distance between the target and the substrate, et al., should be done. 
To improve c-axis orientation and stress-free characteristic of the deposited films, 
influence of the substrate should also be considered. As for mass production 
applications, Sc content and thickness uniformity should also be further improved. 
Besides, though high performance layered SAW devices can be designed delicately 
under the design rules given in Chapter 3, loss mechanisms in the structure were not 
fully analyzed. Thus, to design high performance SAW devices, especially devices with 
high quality factors and spurious free characteristics, it is necessary to analyze the SAW 
propagation and BAW scattering in the ScAlN film-based SAW devices not only to the 
depth direction but also to the in-plane direction. 
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